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转电子衍射技术 (RED)确认其采用了以 M12-oxo (M=Zr，Hf) 簇为节点的具有





    本文还利用联吡啶二羧酸 (BPYDC) 作为配体构造该系列 nMOFs，并用联
吡啶的配位能力固定过渡金属催化位点，催化双氧水氧化环己烷的反应。我们发
现 Cu 负载的 Zr12-BPYDC 对反应具有较好催化活性，并考察了 Cu 的不同价态
及抗衡阴离子和反应时间对催化性能的影响。通过 Zr12-BPYDC 与目前被大量研




















Metal-organic frameworks (MOFs) are a new type of materials that have emerged in 
the past two decades. They are constructed from metal connecting nodes and multi-
topic ligands. By varying different metal nodes and ligands, MOFs can be designed into 
materials with unique structures and functions. The applications of MOFs include gas 
separations, catalysis, sensing, nonlinear optics, nanomedicine etc. MOFs have 
tremendous potentials both as applied materials and in scientific research. Nano-metal-
organic frameworks (nMOFs) are MOFs of nano size which are particularly useful in 
catalysis, sensing and nanomedicine, etc. 
A series of Zr-nMOFs with linear dicarboxylic acids have been found wide 
applications in nanomedicine. However, their crystal structures were not solved. In this 
thesis, we have systematically studied the synthesis of these Zr-MOF series and 
determined the structure by rotation electron diffraction (RED) method. We found the 
structures of two nMOFs, Hf12-BPDC and Zr12-BPYDC, were built from Zr12-oxo or 
Hf12-oxo clusters as SBU in the hcp topology. We subsequently confirmed the structure 
model with powder X-ray diffraction (PXRD) patterns, N2 sorption isotherms, 
thermogravimetric analysis and electron microscope images. And we have obtained 
empirical formulas of the nMOFs. With a combination of dynamic light scattering (DLS) 
measurements and contact angle tests, we further proved that the nMOFs were 
terminated with SBUs instead of dangling ligands.  
Furthermore, with a 2,2'-bipyridine-5,5'-dicarboxylate ligand (BPYDC), we have 
built the Zr12-BPYDC in the series and loaded transition metals on the BPYDC sites to 
catalyze the oxidation of cyclohexane with hydrogen peroxide as the oxidant. Cu was 
found to exhibit the best catalytic activity. Cu with different oxidation state and 
counterions were used to construct the catalysts, and the reaction time was also varied 
to optimize the yield. Zr6-BPYDC, an isoreticular MOFs of UiO-67, and BPYDC-
MOF-253 were also functionalized with Cu to compare with Zr12-BPYDC. We 
















Zr12-BPYDC provide unique opportunities in generating free radicals in Fenton-like 
processes. These results suggest potentials of the M12-nMOFs in heterogeneous 
catalysis. 
 
Keywords: Nano-metal-organic frameworks; Rotation electron diffraction; 



































MOFs 具丰富的结构，多样的次级结构单元 (Secondary building unit, SBU) 
及连接配体[3]。用同种金属与配体反应可能得到不同结构的 MOFs。具有相同晶
体结构的 MOFs，在不同的合成条件下可能得到不同的形貌[4]。通过形貌调控得




MOFs 的方式包括以催化活性的配体合成 MOF，利用 SBU 上的金属空位点以及
配体后修饰等。其中配体后修饰方法指先合成 MOFs，再将催化位点通过化学键
固定在 MOFs 中[7]。 
另一方面，MOFs 的结构表征手段也在不断进步。除了基于 X-射线的晶体衍
射技术外，近年来发展起来的旋转电子衍射 (Rotation electron diffraction, RED) 
技术作为一种可对粒径在纳米尺度的晶体进行衍射表征的手段，能够表征难以得
到大尺寸单晶的 MOFs 结构[8]。 
1.2 金属有机框架 
1.2.1 金属有机框架的结构及合成策略 

















构。直到 20 世纪 90 年代，多个课题组合成并表征了一系列具有高孔隙率、高比
表面、高分子量的金属有机配位化合物，并且得到了它们的确切结构[11]。这一时
期工作具有代表性的课题组有加拿大的 M. J. Zaworotko 课题组[12]以及美国的 O. 
M. Yaghi 课题组[13] 和 Jeffrey S. Moore 课题组[14]等。其中 1999 年 MOF-5 的报道
被认为在 MOF 研究领域具有重要的意义。这是一种以锌氧簇作为节点，对苯二





2002年，Omar M. Yaghi等人在MOF-5的基础上又设计合成了被称为 IRMOF 
(Isoreticular MOFs) 的系列 MOFs[16]。它们有着与 MOF-5 相同的拓扑结构，却因
配体长度和支链的改变而具有不同孔隙率、比表面及气体吸附性能。IRMOFs 的
合成是一个很好的例子，说明人们可以设计 MOFs 的结构和功能以满足不同应
用。在前期研究的基础上，M. O'Keeffe 及 O. M. Yaghi 等人总结了这类材料合成、
拓扑结构等规律，从晶体学工程的角度系统阐述了 MOFs 的设计与合成[17]。 
MOFs 的金属节点常由金属氧簇构成，被称为次级结构单元 (SBU)。构建
MOFs 的常见金属有锌[18, 19]、铜[20]、锆[21]、铪[22]、铝[23]、铬[24]、锰[25]、镁[26]以
及镧系金属[27]等元素，图 1-1 展示了一些常见的 SBU 结构。众多结构各异的金
属氧簇是 MOFs 结构多样性的重要来源。 
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